Introduction {#S1}
============

Zika virus (ZIKV) is an arthropod-borne virus (arbovirus) from the *Flavivirus* genus within the *Flaviviridae* family that was first isolated in 1947 from a rhesus monkey in the Ziika forest in Uganda ([@B1]). Only 14 sporadic and benign cases of ZIKV infection were documented in humans prior to the first large epidemic outbreak, which took place on the Island of Yap in 2007 ([@B2], [@B3]). This was followed by a major ZIKV outbreak in the French Polynesia from October 2013 to April 2014 ([@B4]). Since 2015, 76 countries and territories around the world have reported mosquito-borne ZIKV transmission, triggering an ongoing epidemic in South America, where Brazil was the main affected country ([@B5]). These recent ZIKV outbreaks have been associated with severe neurological complications, including microcephaly and congenital neurological malformations in infants born from infected mothers ([@B6]--[@B9]), as well as Guillain--Barré syndrome in adults ([@B10]--[@B12]). As a consequence, in February 2016, the World Health Organization declared that the ZIKV outbreak was a public health emergency of international concern ([@B13]). ZIKV was detected in the placenta and amniotic fluid of two pregnant women whose fetuses had been diagnosed with microcephaly ([@B14]--[@B16]), indicating that ZIKV can cross the placental barrier. The virus has also been found in the brains and retinas of microcephalic fetuses ([@B16]--[@B18]). ZIKV exhibits high neurotropism and can promote neuroinflammation and neurodegeneration, which is the main correlate of ZIKV-associated neurological changes ([@B17], [@B19]--[@B21]).

We have recently demonstrated that *N*-methyl-[d]{.smallcaps}-aspartate receptor (NMDAR) blockade by memantine could prevent ZIKV-induced cell death of primary cultured corticostriatal neurons ([@B22]). Type I interferon receptor-deficient mice (IFNα/βR^−/−^) infected with ZIKV exhibited high levels of neurodegeneration, microgliosis, and inflammatory response ([@B22]). Importantly, treatment of ZIKV-infected IFNα/βR^−/−^ mice with 30 mg/kg memantine was efficient to prevent microglia proliferation and neurodegeneration in all brain substrates tested, including prefrontal and motor cortex, striatum, and hippocampus ([@B22]). Moreover, memantine treatment was effective to prevent ZIKV-induced increase in total and differential blood leukocyte counts ([@B22]). Despite these very promising results, little is known on how ZIKV induces neurodegeneration and on how NMDAR blockade rescues ZIKV-induced neuronal cell loss.

In the present work, we examined whether the release of neurotoxins by ZIKV-infected cells could contribute to death of uninfected nearby neurons, triggering apoptosis in a non-cell autonomous manner. Neuronal cultures infected with ZIKV exhibited increased levels of tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and glutamate. The increase in TNF-α and IL-1β production facilitated NMDAR sensitization, thereby increasing Ca^2+^ entry into the cell and promoting excitotoxicity. Blockade of GluN2B-containing NMDARs by ifenprodil decreased intracellular Ca^2+^ concentration and rescued neuronal cell death. In addition, ZIKV-infected cultures treated with ifenprodil exhibited augmented activation of extracellular signal-regulated kinase (ERK) and cAMP response element-binding protein (CREB), which may contribute to ifenprodil-mediated neuroprotection. Together, these data shed some light on the neurotoxic mechanisms triggered by ZIKV and begin to elucidate how GluN2B-containing NMDAR blockade can prevent neurotoxicity.

Materials and Methods {#S2}
=====================

Materials {#S2-1}
---------

Neurobasal medium, N2 and B27 supplements, GlutaMAX, penicillin and streptomycin, Live/Dead viability assay, TRIzol™, Power SYBR™ Green PCR Master Mix, anti-rabbit Alexa Fluor 488 antibody, anti-mouse Alexa Fluor 546, and DAPI (4′,6-Diamidino-2-Phenylindole, Dihydrochloride) were purchased from Thermo Fisher Scientific. (1*R*\*, 2*S*\*)-*erythro*-2-(4-Benzylpiperidino)-1-(4-hydroxyphenyl)-1-propanol hemi-(DL)-tartrate (Ifenprodil) were purchased from Tocris Cookson Inc. Horseradish peroxidase conjugated anti-rabbit IgG secondary antibody was from BioRad. Western Blotting ECL Prime detection reagents were from GE Healthcare and Immobilon Western Chemiluminescent HRP Substrate was from Millipore. Anti-phospho-ERK1/2 (Thr202/Tyr204), anti-ERK1/2, and anti-phospho-CREB (Ser133) rabbit antibodies and anti-CREB mouse antibody were purchased from Cell Signaling. All other biochemical reagents were purchased from Sigma-Aldrich.

Animals {#S2-2}
-------

C57BL/6 mice (25--30 g) were purchased from the animal facility (CEBIO) from the Universidade Federal de Minas Gerais (UFMG). Mice were housed in an animal care facility at 23°C on a 12-h light/12-h dark cycle with food and water provided *ad libitum*. This study was carried out in accordance with the recommendations of the Brazilian Government (law 11794/2008a) and approved by the Committee on Animal Ethics of the UFMG (CEUA/UFMG, permit protocol no. 242/2016).

Virus {#S2-3}
-----

A low-passage-number clinical isolate of ZIKV (HS-2015-BA-01), isolated from a viremic patient with symptomatic infection in Bahia State, Brazil, in 2015, was used. The complete genome of the virus is available at GenBank under the accession no. KX520666. Virus stocks were propagated in C6/36 *Aedes albopictus* cells and titrated as described previously ([@B23]).

Neuronal Primary Cultures Preparation {#S2-4}
-------------------------------------

Neuronal cultures were prepared from the cerebral cortex and striatal regions of C57BL/6 wild-type mouse embryo brains, embryonic day 15 (E15). After dissection, the brain tissue was submitted to trypsin digestion followed by cell dissociation using a fire-polished Pasteur pipette. Neuronal cells were plated onto poly-[l]{.smallcaps}-ornithine-coated dishes in Neurobasal^®^ medium supplemented with N2 and B27^®^ supplements, 2 mM GlutaMAX™, and penicillin and streptomycin (50 µg/mL each), and cultured *in vitro* for 5 days at 37°C and 5% CO~2~ in a humidified incubator.

Viral Infection and Neuronal Treatment {#S2-5}
--------------------------------------

Primary neuronal cultures were incubated with either ZIKV (MOI of 0.1) or C6/36 supernatant (MOCK) for 1 h (adsorption period). After that, residual virus was removed and replaced by supplemented neurobasal medium. Kinetic experiments evaluating the effects of ZIKV on primary neurons were performed after 12, 24, 36, 48, and 72 h of ZIKV infection. When MOCK- or ZIKV-infected neuronal cultures were treated with ifenprodil, etanercept, or IL1-RA, drugs were added immediately after viral infection and replenished every 24 h in experiments lasting between 36 and 72 h. Following this incubation, neuronal cultures were assessed for cell death/survival, glutamate release, and \[Ca^2+^\]~i~ quantitation, or processed for immunofluorescence, quantitative RT-PCR (RT-qPCR), and western blot analyses.

Cell Death Assay {#S2-6}
----------------

Neuronal cells death was determined by *LIVE/DEAD Cell Viability Assays*, as previously described ([@B24]), at different time points after infection (as indicated in each *figure legend*). Briefly, MOCK- or ZIKV-infected neurons, submitted to different drug treatments, were stained with 2 µM calcein acetoxymethyl ester (AM) and 2 µM ethidium homodimer-1 for 15 min and the fractions of live (calcein AM positive) and dead (ethidium homodimer-1 positive) cells were determined. Neurons were visualized and imaged in a fluorescence microscope, *FLoid*^®^ *Cell Imaging Station* (Thermo Scientific). A minimum of 150 cells were analyzed per well in triplicate using ImageJ software. Dead cells were expressed as a percentage of the total number of cells.

Glutamate Release Assay {#S2-7}
-----------------------

Glutamate release by primary cultured neurons was measured indirectly by the fluorescence increase due to the production of NADPH in the presence of glutamate dehydrogenase type II and NADP^+^ ([@B25]). Neuronal cultures, challenged with ZIKV or MOCK for 48 h, were incubated with 1 mM CaCl~2~ and 1 mM NADP^+^ in Hank's balanced salt solution (HBSS) and analyzed in a spectrofluorometer (Synergy 2, BioTek^®^ Instruments, Inc.) using excitation wavelength of 360 nm and emission of 450 nm. Glutamate dehydrogenase (50 units per well) was added to each well after 5 min, and readings were restarted until the fluorescence reached balance (approximately 5 min). Calibration curves were carried out in parallel with the addition of known amounts of glutamate (5 nM/µL) to the reaction medium. Glutamate levels were normalized to the total amount of protein per well. Experimental data are expressed as percentage, taking basal glutamate release (time 0) as 100%. The experiments were performed at 37°C in triplicate well for each condition.

Measurement of Intracellular Ca^2+^ Concentration {#S2-8}
-------------------------------------------------

Neuronal cultures, MOCK- or ZIKV-infected and submitted to different drug treatments, as described in the *Figure Legend*, were loaded with 0.2 µM Fura-2 AM for 20 min at 37°C. Neurons were washed with HBSS and illuminated with alternating 340- and 380-nm light, with the 510 nm emission detected using a PTI spectrofluorimeter (Synergy 2, BioTek^®^ Instruments, Inc.). At the end of each experiment, sodium 10% dodecyl sulfate (SDS) (0.1% final) was added to obtain *R*~max~ followed by 3 M Tris + 400 mM EGTA (pH 8.6) for *R*~min~. All experiments were performed in triplicate wells for each condition.

Immunoblotting {#S2-9}
--------------

12 or 24 h following MOCK or ZIKV infection, neurons, treated or not with 0.01 µM ifenprodil, were lysed in RIPA buffer (0.15 M NaCl, 0.05 M Tris--HCl, pH 7.2, 0.05 M EDTA, 1% non-idet P40, 1% TritonX-100, 0.5% sodium deoxycholate, 0.1% SDS) containing SIGMAFAST™ Protease Inhibitor Cocktail Tablets. 100 µg of total cellular protein for each sample was subjected to SDS-PAGE, followed by electroblotting onto nitrocellulose membranes. Membranes were blocked with 5% BSA in wash buffer (150 mM NaCl, 10 mM Tris--HCl, pH 7.4, and 0.05% Tween 20) for 1 h and then incubated with either rabbit anti-phospho CREB (1:500) or rabbit anti-phospho ERK (Thr202/Thr204) (1:1,000) antibodies in wash buffer containing 3% BSA overnight at 4°C. Membranes were rinsed three times with wash buffer and then incubated with secondary peroxidase conjugated anti-rabbit IgG antibody diluted 1:5,000 in wash buffer containing 3% BSA for 1 h. Membranes were rinsed three times with wash buffer, incubated with ECL prime western blotting detection reagents, and scanned and analyzed by ImageQuant LAS 4000 (GE Healthcare). Antibodies were then stripped and membranes were incubated with either mouse anti-CREB (1:700) or rabbit anti-ERK1/2 (1:1,000) antibodies overnight at 4°C and probed with secondary anti-mouse IgG antibody diluted 1:2,500 or anti-rabbit IgG antibody 1:5,000 to determine total CREB and ERK1/2 expression, respectively. Non-saturated, immunoreactive CREB and ERK1/2 bands were quantified by scanning densitometry. Immuno-band intensity was calculated using ImageJ software, and the number of pixels of CREB and ERK1/2 phospho bands was divided by the number of pixels of total CREB and ERK1/2, respectively, to normalize phosphorylation levels of kinases to total kinase expression.

Measurement of Cytokine Concentrations (ELISA) {#S2-10}
----------------------------------------------

Cytokine concentration (IL-1β and TNF-α) was measured in the supernatant of neuronal cultures at 12, 24, or 48 h following MOCK or ZIKV infection. Cytokine measurement was performed using commercially available antibodies and according to the procedures supplied by the manufacturer (R&D Systems, Minneapolis, MN, USA). Briefly, 96-well plates were sensitized with capture antibody and incubated overnight. Plates were then washed and blocked with 200 µL of 1% BSA solution for 60 min. After a second wash, 100 µL of the standard curve (serially diluted) and each sample were added to wells in duplicate and a new incubation was performed on the plate shaker at agitation of 300 rpm, 37°C, for 2 h. Following a further wash, 100 µL of the detection antibody was added and plates were re-incubated for 2 h. Between each wash, streptavidin was added for 20 min, followed by substrate o-phenylenediamine dihydrochloride (OPD Sigma) addition for 30 min. Reaction was stopped by the addition of 100 µL of the stop solution (H~2~SO~4~). The standard curve and samples were read in a spectrophotometer at 490 nm. The detection limit of each kit is 4--8 pg/mL.

Immunofluorescence and Imaging {#S2-11}
------------------------------

48 h following MOCK or ZIKV infection, neuronal cultures were washed twice in Phosphate-buffered saline (PBS) and fixed with 4% formaldehyde in PBS for 30 min. After fixation, cells were washed three times with PBS and permeabilized in PBS containing 0.3% Triton, for 20 min. Primary antibodies were diluted in permeabilization solution as follows: mouse anti-4G2 (1:300), mouse anti-NeuN (1:500), rabbit anti-active caspase 3 (1:500), and rabbit anti-Iba1 (1:500) and incubated overnight at 4°C. Cells were washed three times with PBS and incubated with goat anti-mouse conjugated with Alexa Fluor 546 and goat anti-rabbit conjugated with Alexa Fluor 488 antibodies (diluted 1:500 in permeabilization solution) for 60 min. NucBlue™ fixed cell stain was used to label nuclei with DAPI. Image acquisition was performed using a Zeiss LSM 880 confocal system equipped with a 40×/1.30 oil DIC M27 objective. Zen 2 software was used to adjust the settings for wavelength detection of immunolabeled proteins as follows: DAPI was imaged by detection between 410 and 496 nm, Alexa Fluor 488 and Alexa Fluor-labeled antibodies were detected between 499--555 and 560--679 nm, respectively. Sequential excitation of fluorophores was performed using 405, 488, and 532 nm lasers for DAPI, Alexa Fluor 488, and Alexa Fluor 546, respectively.

Quantitative RT-qPCR {#S2-12}
--------------------

RNA was isolated using TRIzol™ reagent as per the manufacturer's instructions (Thermo Scientific). RNA was resuspended in 15 µL of nuclease-free water, and its concentration was analyzed by spectrophotometer (NanoDrop™, Thermo Scientific). cDNAs were prepared from 2 µg of total RNA extracted in a 20-µL final reverse transcription reaction. RT-qPCR was performed from 10× diluted cDNA and using Power SYBR™ Green PCR Master Mix in the QuantStudio™ 7 Flex real-time PCR system platform (Applied Biosystems). All RT-qPCR assays were performed to detect viral RNA and quantify mRNA levels of the following genes: mus musculus tumor necrosis factor (*Tnf-α*); mus musculus interleukin 1 beta (*Il1β*); mus musculus glutaminase (*Gls*); mus musculus solute carrier family 1 (glial high-affinity glutamate transporter) (*Slc1a2*); mus musculus glutamate receptor, ionotropic, NMDA2B (*Grin2b*); ZIKV RNA---genome reference available at GenBank: KX197192.1; and mus musculus ribosomal protein L32 (*Rpl32*). Primers were designed using Primer3Plus Program ([@B26]): *Tnfα* (forward: 5′-GCTGAGCTCAAACCCTGGTA-3′; reverse: 5′-CGGACTCCGCAAAGTCTAAG-3′); *Il1β* (forward: 5′-GGGCCTCAAAGGAAAGAATC-3′; reverse: 5′-TACCAGTTGGGGAACTCTGC-3′); *Gls* (forward: 5′-GGCAAAGGCATTCTATTGGA-3′; reverse: 5′-TTGGCTCCTTCCCAACATAG-3′); *Slc1a2* (forward: 5′-ATTGGTGCAGCCAGTATTCC-3′; reverse: 5′-CCAGCTCAGACTTGGAAAGG-3′); *Grin2b* (forward: 5′-GTGAGAGCTCCTTTGCCAAC-3′; reverse: 5′-ATGAAAGGGTTTTGCGTGAC-3′); ZIKV (forward: 5′-TCAAACGAATGGCAGTCAGTG-3′; reverse: 5′-GCTTGTTGAAGTGGTGGGAG-3′); and *Rpl32* (forward: 5′-GCTGCCATCTGTTTTACGG-3′; reverse: 5′-TGACTGGTGCCTGATGAACT-3′). Previous verification of undesired secondary formations or dimers between primers were performed using "OligoAnalyser 3.1" tool (Integrated DNA Technologies©), available at <https://www.idtdna.com/calc/analyzer>. All primers used in this work were validated by serial dilution assay and the reaction efficiency was calculated, comprising 90--110% (data not shown). All RT-qPCRs showed good quality of amplification and changes in gene expression were determined with the 2^−ΔCt^ method using *Rpl32* for normalization.

Data Analysis {#S2-13}
-------------

Means ± SEM are shown for the number of independent experiments indicated in *Figure Legends*. GraphPad Prism™ software was used to analyze data for statistical significance determined by either unpaired *t*-test (for comparing two groups) or one-way or two-way analysis of variance testing followed by Bonferroni *post hoc* multiple comparison testing.

Results {#S3}
=======

To investigate the mechanism underlying ZIKV-induced neuronal cell death, we employed primary neuronal cell cultures from the corticostriatal region of mouse embryo brains. Over 99.5% (1,030 out of 1,035) of these cells consisted of neurons, as they were positive for the neuronal marker NeuN (Figure S1A in Supplementary Material). Only 5 out of 846 of the analyzed cells (0.5 ± 0.22%) were positively labeled for Iba1 (Figure S1B in Supplementary Material), a microglia marker. Moreover, ZIKV infection did not increase the number of microglia cells (0.5 ± 0.23%) and no microglia infected with ZIKV was found in these cultures. There was no cell positive for glial fibrillary acidic protein (Figure S1C in Supplementary Material), an astrocyte marker. Therefore, the primary cell cultures employed here can be regarded as pure neuronal cultures.

Primary neuronal cultures were then infected with a Brazilian isolate of ZIKV, ZIKV HS-2015-BA-01 strain. Control cultures were MOCK-infected using supernatant cultured medium from a suspension of mosquito C6/36 *A. Albopictus*-cultured cells. Forty-eight hours following infection, primary neurons were immunolabeled using specific antibodies for either ZIKV or active caspase 3. Approximately one third (28.0 ± 2.35%) of the cells present in the ZIKV-infected cultures were positive for the active form of caspase 3 (Figure [1](#F1){ref-type="fig"}A), compared to only 11.51 ± 1.43% of the cells in the MOCK-infected culture (Figure [1](#F1){ref-type="fig"}B), indicating that ZIKV infection triggers apoptosis. Interestingly, although several neurons were positive for ZIKV, we identified only 1 cell positive for ZIKV among the 228 cells positive for caspase 3. In fact, most ZIKV-positive neurons were surrounded by caspase 3-labeled neurons that appeared not to be infected by the virus (Figure [1](#F1){ref-type="fig"}A). These data indicate that ZIKV might trigger apoptosis mostly in a non-cell autonomous manner. Thus, we hypothesize that ZIKV-infected neurons may release pro-apoptotic factors that could trigger cell death of nearby neuronal cells.

![Zika virus (ZIKV) induces apoptosis in a non-cell autonomous manner. Shown are representative laser scanning confocal micrographs from primary cultured corticostriatal neurons infected with ZIKV **(A)** or MOCK-infected **(B)** for 48 h. Immunofluorescence labeling was performed using anti-ZIKV (red) and anti-active caspase 3 (green) antibodies. Cells nuclei are labeled with DAPI (blue). Panels on the left show merged image of all three fluorescent markers. Size bar corresponds to 20 µm in all images.](fimmu-08-01016-g001){#F1}

We have previously demonstrated that ZIKV leads to high levels of neuronal cell death ([@B22]). Corroborating our previous results, ZIKV-infected neurons exhibited high levels of neuronal cell death 72 h following virus infection, as compared to that of MOCK-infected cells (Figure [2](#F2){ref-type="fig"}). To investigate early events that could be responsible for ZIKV-mediated neuronal cell death, we analyzed neurons at 12 and 24 h following virus infection. High levels of ZIKV RNA were present at 12 and 24 h following virus infection (Figure S2 in Supplementary Material). However, neuronal cell death levels higher than that of MOCK-infected neurons could only be observed at 24 h after ZIKV infection (Figure [2](#F2){ref-type="fig"}E). Therefore, 12 h following ZIKV infection represents a time point without overt neuronal cell death. We have recently demonstrated that NMDAR blockade abrogates ZIKV-induced neuronal cell death ([@B22]). In agreement with these results, GluN2B containing NMDAR blockade by 0.01 µM ifenprodil abolished ZIKV-triggered neuronal cell death at 24 and 72 h following virus infection (Figure [2](#F2){ref-type="fig"}).

![Ifenprodil rescues Zika virus (ZIKV)-induced neurotoxicity. Shown are representative images for primary cultured corticostriatal neurons labeled with calcein AM (green, live cells) and ethidium homodimer-1 (red, dead cells) that were MOCK-infected and either untreated (vehicle) **(A)** or treated with 0.01 µM ifenprodil **(B)** or that were ZIKV-infected and either untreated **(C)** or treated with 0.01 µM ifenprodil **(D)**. Size bar corresponds to 50 µm in all images. **(E)** Graph shows percentage of neuronal cell death in primary cultured corticostriatal neurons that were either untreated or treated with ifenprodil 0.01 µM for 12, 24, or 72 h following MOCK or ZIKV infection. Data represent the means ± SEM, *n* = 4. \* indicates significant differences (*p* \< 0.05).](fimmu-08-01016-g002){#F2}

To further explore the role of NMDARs in ZIKV-mediated neuronal cell death, we first evaluated the expression levels of different subunits of NMDARs at 12 and 24 h following virus infection. NMDARs are heterotetramers consisting of two obligatory GluN1 subunits and two additional GluN2 or GluN3 subunits ([@B27]). ZIKV infection did not alter the levels of GluN1 (Figure [3](#F3){ref-type="fig"}A), GluN2A (Figure [3](#F3){ref-type="fig"}B), and GluN3A (Figure [3](#F3){ref-type="fig"}D) mRNAs, as compared to MOCK-infected cultures. Although a strong tendency toward an increase in the expression of GluN2A (Figure [3](#F3){ref-type="fig"}B) and GluN3A (Figure [3](#F3){ref-type="fig"}D) was observed 24 h after ZIKV infection, no significant statistical difference was found when comparing to MOCK-infected controls. In addition, GluN2B expression levels were not increased 12 h following ZIKV infection, as compared to MOCK-infected controls (Figure [3](#F3){ref-type="fig"}C). However, ZIKV-infected cultures exhibited increased expression of GluN2A (Figure [3](#F3){ref-type="fig"}B), GluN2B (Figure [3](#F3){ref-type="fig"}C) and GluN3A (Figure [3](#F3){ref-type="fig"}D) at 24 h following infection, as compared to that of 12 h following virus infection. Moreover, at 24 h following ZIKV infection, GluN2B mRNA levels were significantly increased, as compared to that of MOCK (Figure [3](#F3){ref-type="fig"}C). These data further support the concept that blockade of GluN2B-containing NMDARs may offer a good therapeutic strategy to prevent ZIKV-mediated neuronal cell death.

![Zika virus (ZIKV) infection increases GluN2 expression. Graphs show mRNA levels of the *N*-methyl-[d]{.smallcaps}-aspartate receptor subunits, GluN1 (GRIN1) **(A)**, GluN2A (GRIN2A) **(B)**, GluN2B (GRIN2B) **(C)**, and GluN3A (GRIN3A) **(D)**, in primary cultured corticostriatal neurons, 12 and 24 h following MOCK or ZIKV infection. mRNA levels were assessed by quantitative RT-PCR, which was performed in triplicate and normalized to RPL32 mRNA levels. Data represent the means ± SEM, *n* = 6. n.s. indicates not significant and \* indicates significant difference (*p* \< 0.05).](fimmu-08-01016-g003){#F3}

Our next step was to determine whether glutamate levels were increased in ZIKV-infected cultures, which could contribute to NMDAR overactivation and, thus, neuronal cell death. Glutamate levels were increased in ZIKV-infected cultures, as compared to that of MOCK-treated cultures (Figure [4](#F4){ref-type="fig"}A). Although glutamate levels appeared already higher at 12 h following ZIKV infection, a significant difference was only observed at 24 h and at later time points (Figure [4](#F4){ref-type="fig"}A). Therefore, increased glutamate levels could account for increased NMDAR activation. Overactivation of NMDARs can lead to excitotoxicity due to increased intracellular Ca^2+^ entry into the cell ([@B28]). As GluN2B expression and glutamate levels were increased due to ZIKV infection, we investigated whether Ca^2+^ levels were also augmented in ZIKV-infected neuronal cultures. Neuronal cultures infected with ZIKV exhibited high levels of intracellular Ca^2+^ when compared to MOCK-infected cultures (Figure [4](#F4){ref-type="fig"}B). Moreover, treatment with 0.01 µM ifenprodil was efficient to completely rescue this increase in intracellular Ca^2+^ levels exhibited by ZIKV-infected cultures (Figure [4](#F4){ref-type="fig"}B), indicating that GluN2B-containing NMDARs are the main channels responsible for the increase in Ca^2+^ entry triggered by ZIKV infection.

![Zika virus (ZIKV) infection induces increased levels of extracellular glutamate and augmented Ca^2+^ flux through GluN2B-containing *N*-methyl-[d]{.smallcaps}-aspartate receptors. **(A)** Graph shows a time course of the concentration levels of extracellular glutamate in primary cultured corticostriatal neurons that were either MOCK-infected or infected with ZIKV. Data represent the means ± SEM, *n* = 6--10. \* indicates significant difference as compared to MOCK-infected neurons (*p* \< 0.05). **(B)** Graph shows intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~) levels in primary cultured corticostriatal neurons that were either untreated (vehicle) or treated with 0.01 µM ifenprodil for 48 h following MOCK or ZIKV infection. Data represent the means ± SEM, *n* = 4--8. \* indicates significant difference (*p* \< 0.05).](fimmu-08-01016-g004){#F4}

Tumor necrosis factor-α can increase the expression of glutaminase, the enzyme responsible for glutamate synthesis ([@B29], [@B30]). Moreover, both IL-1β and TNF-α can decrease the reuptake of glutamate, thus increasing the extracellular levels of glutamate ([@B31], [@B32]). In addition, both TNF-α and IL-1β can sensitize NMDARs, increasing Ca^2+^ entry and, thus, excitotoxicity ([@B33], [@B34]). In this context, we decided to investigate whether the levels of TNF-α and IL-1β were increased in ZIKV-infected neuronal primary cultures. TNF-α mRNA levels were increased in neurons infected for 12 and 24 h with ZIKV, as compared to that of MOCK-infected cultures (Figure [5](#F5){ref-type="fig"}A). TNF-α protein levels were also elevated in the supernatant of cultures infected with ZIKV for 24 and 48 h, as compared to that of MOCK cultures (Figure [5](#F5){ref-type="fig"}B). In addition, IL-1β mRNA levels were increased 12 h after virus infection (Figure [5](#F5){ref-type="fig"}C). However, IL-1β protein levels were not detected by ELISA. Our next step was to determine whether this modest neuronal-derived increase in IL-1β and TNF-α production was sufficient to facilitate neuronal cell death. To address that, TNF-α and IL-1β receptor were blocked with etarnecept and IL-1RA, respectively, and ZIKV-induced neuronal cell death was measured. Etarnecept treatment at all tested concentrations (0.1, 1, and 10 µg/mL) led to a decrease in ZIKV-induced neuronal cell death (Figure [5](#F5){ref-type="fig"}E). IL-1β receptor blockade by IL-1RA also decreased neuronal cell death at all tested concentrations (1, 10, and 100 ng/mL) (Figure [5](#F5){ref-type="fig"}F). Importantly, neuronal cell death levels of ZIKV-infected cultures in the presence of either etarnecept (Figure [5](#F5){ref-type="fig"}E) or IL-1RA (Figure [5](#F5){ref-type="fig"}F) were not different than that of MOCK-infected cultures. These data clearly demonstrate the importance of these inflammatory cytokines in the neuronal cell death mechanism triggered by ZIKV. Next, we tested whether TNF-α and IL-1β could contribute to increased glutamate levels by increasing glutaminase and decreasing glutamate transporter (SLC1a) mRNA levels in neurons. No statistical difference was observed when comparing MOCK- and ZIKV-infected cultures in terms of glutaminase expression (Figure S3A in Supplementary Material). Contrary to our hypothesis, SLC1a expression levels were increased in neuronal cultures 24 h after ZIKV infection, what could constitute a protective mechanism to avoid further increases in extracellular glutamate levels (Figure S3B in Supplementary Material). Our next step was to investigate whether TNF-α and IL-1β could be facilitating NMDAR sensitization. ZIKV infection enhanced intracellular Ca^2+^ levels and this enhancement was completely blocked by ifenprodil, indicating that increased intracellular Ca^2+^ levels was primarily due to Ca^2+^ flux through GluN2B-containing NMDARs (Figure [4](#F4){ref-type="fig"}B). To determine whether TNF-α and IL-1β were contributing for NMDAR sensitization, we blocked TNF-α and IL-1β receptor using 1 µg/mL etanercept and 10 ng/mL IL-1RA, respectively, and evaluated intracellular Ca^2+^ levels. In agreement with our hypothesis, either TNF-α or IL-1β blockade was efficient to decrease intracellular Ca^2+^ levels (Figure [5](#F5){ref-type="fig"}D). These data suggest that TNF-α and IL-1β production triggered by ZIKV was effective to sensitize NMDARs, leading to increased Ca^2+^ entry and excitotoxicity.

![Zika virus (ZIKV) infection induces tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) expression, facilitating excitotoxicity. Graphs show mRNA **(A)** and protein **(B)** levels of TNF-α and mRNA levels of IL-1β **(C)**, in primary cultured corticostriatal neurons, 12 and 24 h following MOCK or ZIKV infection. mRNA levels were assessed by quantitative RT-PCR, which was performed in triplicate and normalized to RPL32 mRNA levels, and protein levels were assessed by ELISA assay. Data represent the means ± SEM, *n* = 6--8. \* indicates significant differences (*p* \< 0.05). **(D)** Graph shows intracellular Ca^2+^ concentration (\[Ca^2+^\]~i~) levels in primary cultured corticostriatal neurons that were either untreated (vehicle) or treated with 10 ng/mL IL-1RA or 1 µg/mL etanercept for 48 h following MOCK or ZIKV infection. Data represent the means ± SEM, *n* = 5--8. \* indicates significant differences as compared to ZIKV infected neurons (*p* \< 0.05). Graphs show percentage of neuronal cell death in primary cultured corticostriatal neurons that were either untreated (vehicle) or treated with IL-1RA 1, 10, or 100 ng/mL **(E)** or etanercept 0.1, 1, or 10 µg/mL **(F)** for 48 h following MOCK or ZIKV infection. Data represent the means ± SEM, *n* = 4--5. \* indicates significant differences as compared to ZIKV-infected neurons and ^\#^ indicates significant differences as compared to MOCK-infected neurons (*p* \< 0.05).](fimmu-08-01016-g005){#F5}

To further understand the neuroprotective mechanism underlying GluN2B-containing NMDARs blockade, we investigated which cell survival signaling pathways were activated by ZIKV infection. Ifenprodil normalized the increased levels of intracellular Ca^2+^ triggered by ZIKV, which could greatly contribute to neuroprotection (Figure [4](#F4){ref-type="fig"}B). However, the neuroprotective pathway comprising ERK and CREB can be stimulated by glutamate receptors other than GluN2B-containing NMDARs ([@B35]). For instance, as ifenprodil only blocks GluN2B-containing NMDARs, glutamate could still activate GluN2A-containing NMDARs, which are predominantly synaptic NMDARs that were shown to promote neuronal survival *via* CREB/brain-derived neurotrophic factor (BDNF) signaling ([@B36]). As ZIKV-infected cultures exhibited high levels of extracellular glutamate (Figure [4](#F4){ref-type="fig"}A), we decided to investigate whether the levels of phosphorylation/activation of ERK and CREB were altered by ZIKV infection and 0.01 µM ifenprodil treatment. No difference was observed when comparing the activation of ERK and CREB in MOCK- and ZIKV-infected cultures at 12 h after virus infection (Figures [6](#F6){ref-type="fig"}A,C). However, 24 h following infection, ERK activation was increased in neurons that were infected with ZIKV and treated with ifenprodil, as compared to that of MOCK-infected cultures (Figure [6](#F6){ref-type="fig"}B). ZIKV infection, in the presence or absence of ifenprodil treatment, increased CREB phosphorylation, as compared to MOCK (Figure [6](#F6){ref-type="fig"}D). Moreover, ifenprodil treatment in the absence of ZIKV was also efficient to activate CREB (Figure [6](#F6){ref-type="fig"}D). CREB can be activated *via* NMDARs through cell signaling pathways other than ERK, which could account for the ERK-independent activation of CREB observed in our experiments ([@B37]). Altogether, these data indicate that the cell survival signaling pathway downstream from NMDARs ERK/CREB is activated following ZIKV infection and GluN2B-containing NMDAR blockade.

![Ifenprodil treatment of Zika virus (ZIKV)-infected cultures lead to increased extracellular signal-regulated kinase (ERK) and cAMP response element-binding protein (CREB) phosphorylation. Shown are representative immunoblots for phospho- (upper panel) and total-ERK expression (lower panel) and graphs depicting the densitometric analysis of phospho-ERK normalized to total-ERK expression in primary cultured corticostriatal neurons that were either untreated (vehicle) or treated with 0.01 µM ifenprodil for 12 **(A)** or 24 **(B)** hours following MOCK or ZIKV infection. 100 µg of cell lysate was used for each sample. Data represent the means ± SEM, *n* = 5--6. \* indicates significant difference (*p* \< 0.05). Shown are representative immunoblots for phospho- (upper panel) and total CREB expression (lower panel) and graphs depicting the densitometric analysis of phospho-CREB normalized to total CREB expression in primary cultured corticostriatal neurons that were either untreated (vehicle) or treated with 0.01 µM ifenprodil for 12 **(C)** or 24 **(D)** hours following MOCK or ZIKV infection. 100 µg of cell lysate was used for each sample. Data represent the means ± SEM, *n* = 4--6. \* indicates significant differences (*p* \< 0.05).](fimmu-08-01016-g006){#F6}

Discussion {#S4}
==========

ZIKV Induces Neuronal Apoptosis in a Non-Cell Autonomous Manner {#S4-1}
---------------------------------------------------------------

Several flaviviruses, including Saint Louis encephalitis virus ([@B38]), Japanese encephalitis virus (JEV) ([@B39], [@B40]), and West Nile virus (WNV) ([@B41]), have been shown to induce neuronal apoptosis, an effect that appears to contribute to the neurological damage caused by these viruses. Virus-triggered neuronal apoptosis can be immune-mediated or induced by virus cell autonomous injury. For instance, flaviviruses can promote neuronal injury by altering the expression of pro- and anti-apoptotic proteins, thus, facilitating death of infected cells ([@B39], [@B40], [@B42]). It has been shown that primary cultured cortical neurons infected with WNV undergo apoptosis and that 96% of cells that were caspase 3 positive were also positive for WNV ([@B41]). These results are different from the data obtained in our study, as the great majority of neurons that were positive for caspase 3 were negative for ZIKV. Thus, the cell response triggered by ZIKV might differ from other flaviviruses. Previous studies have demonstrated that ZIKV induces apoptosis of human neural progenitor cells ([@B19], [@B20], [@B43]--[@B45]). Although the number of cells that were positive for both caspase 3 and ZIKV was not determined, it is possible to notice that several cells that were positive for ZIKV were not positive for caspase 3 in these studies ([@B43], [@B45]). Another study has shown that brain slices obtained from mice subjected to intracranial injection of ZIKV exhibits only a few cells positive for both caspase 3 and ZIKV ([@B44]), which corroborates our data showing that ZIKV induces apoptosis mostly through a non-cell autonomous mechanism. In this context, ZIKV will be able to efficiently replicate in infected neurons, increasing viral load, and otherwise healthy neurons will undergo apoptosis, exacerbating neurodegeneration. However, at this point, it is still unclear why ZIKV infected cells could be protected from apoptosis. It has been demonstrated that ZIKV infection upregulates PRPF8, which is a splicing factor known to have an anti-apoptotic effect in neurons infected with Picornavirus ([@B46]). Thus, ZIKV could protect infected neurons by altering the expression of apoptotic factors.

ZIKV Induction of TNF-α and IL-1β Production by Neurons {#S4-2}
-------------------------------------------------------

Most encephalitic viruses induce production of inflammatory factors by glial cells. For example, JEV can infect both neuronal and glial cells, promoting the release of inflammatory factors, including TNFα and IL-1β, and glutamate by microglia ([@B30]). ZIKV is able to infect microglia as the virus was detected in microglia obtained from human fetal brain tissue ([@B47]). Importantly, ZIKV-infected microglia exhibits increased expression levels of several chemokines and cytokines, including IL-6, TNF-α, IL-1β, and monocyte chemotactic protein 1 ([@B47]). We have identified TNF-α and IL-1β as important factors triggering ZIKV-induced neuronal cell death. Interestingly, even though ZIKV induced only a mild increase in TNF-α and IL-1β production by neuronal cultures, this increase was enough to sensitize NMDARs and facilitate neuronal cell death. Although astrocytes and neurons can produce TNF-α, the major source of this cytokine is microglia. However, in certain specific situations, neurons can also increase TNF-α production ([@B48], [@B49]). For example, WNV induces the expression of IL-1β, IL-6, IL-8, and TNF-α by neuronal cells and these neuron-derived cytokines can mediate the activation of astrocytes and contribute to WNV-induced neurotoxicity ([@B50]). Thus, it is possible that ZIKV infection could activate neuronal production of TNFα and IL-1β. We also have to consider that the microglia present in our neuronal cultures might contribute to the production of these cytokines. However, this seems rather unlikely as the number of microglia was very small (\~0.5%) and was not increased due to ZIKV infection. Future studies will be important to determine the role of different brain cell types in ZIKV-induced neuroinflammation.

TNF-α and IL-β Sensitize NMDAR and Trigger Neuronal Cell Death {#S4-3}
--------------------------------------------------------------

Our results show that TNF-α and IL-1β appeared to be key players of ZIKV-induced neuronal cell death. It has been previously demonstrated that these inflammatory cytokines potentiate excitotoxicity ([@B51]). For instance, IL-1β can increase Ca^2+^ flux through NMDARs ([@B34]). The mechanism underlying NMDAR sensitization by IL-1β involves the phosphorylation of NMDAR subunits GluN2A/B by Src tyrosine kinase ([@B34]). TNF-α can also sensitize NMDARs, increasing NMDAR-dependent Ca^2+^ entry and facilitating neurotoxicity ([@B33]). Moreover, it has also been shown that TNF-α can increase the localization of ionotropic glutamate receptors, including NMDARs, to synapses ([@B52]). Our results demonstrate that ZIKV infection augments Ca^2+^ flux through NMDARs, as GluN2B-containing NMDAR blockade by ifenprodil completely abolished the increase in intracellular Ca^2+^ levels. Importantly, ZIKV infection increased IL-1β and TNF-α expression levels and blockade of these cytokines decreased Ca^2+^ influx and neuronal cell death. These results strongly indicate that IL-1β and TNF-α are sensitizing NMDARs and facilitating ZIKV-induced excitotoxicity. Damaged or dying brain cells release high levels of glutamate ([@B53]), which could underlie the increase in glutamate levels and contribute for neuronal cell death propagation in a non-cell autonomous way (Figure [7](#F7){ref-type="fig"}).

![Zika virus (ZIKV) promotes neuronal cell death *via* GluN2B activation in a non-cell autonomous manner by releasing neurotoxic factors. **(A)** ZIKV can be detected as early as 12 h following viral infection. 24 h later, cell injury can be observed in uninfected neurons nearby infected cells, indicating a cross talk between infected and uninfected neurons. **(B)** Neuronal cultures infected with ZIKV release glutamate and cytokines, triggering GluN2B-containing *N*-methyl-[d]{.smallcaps}-aspartate receptor (NMDAR) sensitization and increasing the influx of extracellular Ca^2+^, which facilitates excitotoxicity. **(C)** Ifenprodil treatment of ZIKV-infected cultures reduces viral-mediated increased Ca^2+^ flux through GluN2B-containing NMDARs. Activation of GluN2A-containing NMDARs by glutamate in the presence of ifenprodil leads to ERK and CREB activation, which can increase the expression of genes important for neuronal survival.](fimmu-08-01016-g007){#F7}

We show here that GluN2B expression is increased in cultures infected with ZIKV. At this point, it is unclear why the expression of this NMDAR subunit is augmented. However, it has been demonstrated that TNF-α increases GluN1 expression ([@B54]) and that IL-1β increases de expression of GluN2A/B ([@B55]). Thus, it is possible that IL-1β could contribute to the observed increased expression of GluN2B. Although so far it is not clear what is the mechanism contributing for ZIKV-mediated increase in GluN2B expression, our data clearly show that GluN2B-containing NMDAR is a relevant pharmacological target to treat ZIKV-mediated neurotoxicity.

NMDAR Dual Role in Cell Survival and Neurodegeneration {#S4-4}
------------------------------------------------------

Our results clearly demonstrate that blockade of GluN2B-containing NMDARs by ifenprodil leads to neuroprotection against ZIKV infection. Numerous studies indicate that GluN2A mediates the protective pathway and GluN2B contributes to the excitotoxic pathway ([@B27], [@B56]--[@B59]). NMDARs can be localized at either the synaptic or extrasynaptic region, and a few years ago, it was proposed that signaling resulting from synaptic and extrasynaptic NMDAR stimulation is linked to neuronal survival and death, respectively ([@B36]). It is generally thought that most GluN2A-containing NMDARs are synaptic whereas GluN2B-containing NMDARs are extrasynaptic ([@B59]--[@B63]). However, synaptic/extrasynaptic distribution of NMDARs is not a clear-cut spatial demarcation, as GluN2A subunits have been found at extrasynaptic sites and GluN2B at the synaptic region ([@B27], [@B64], [@B65]). Synaptic NMDARs are in general transiently and intensely activated by the trans-synaptic release of glutamate, while extrasynaptic NMDARs are more commonly activated by chronic exposure to high levels of glutamate. Importantly, our results indicated that ZIKV infection led to sustained high levels of extracellular glutamate in the culture, which could underlie the activation of extrasynaptic NMDARs. Corroborating this hypothesis, ifenprodil rescued ZIKV-induced neuronal cell death.

Ca^2+^ influx evoked by the activation of synaptic NMDAR is well tolerated by neurons and can trigger the activation of CREB, which increases the expression of genes important for neuronal survival, including BDNF ([@B36], [@B57], [@B66]). In sharp contrast, comparable Ca^2+^ transients induced by activation of extrasynaptic NMDARs trigger a CREB shut-off pathway and mitochondrial membrane potential dysfunction, leading to neuronal cell death ([@B36]). In addition to BDNF, CREB targets genes that are important for reducing apoptosis by rendering mitochondria more resistant to cellular stress and toxic insults ([@B67]--[@B70]). Activation of CREB by NMDARs can occur *via* ERK and synaptic NMDAR stimulation promotes sustained ERK activity, whereas activation of all NMDARs by bath application of glutamate results in ERK activation that is followed by rapid inactivation ([@B71]--[@B75]). In agreement with these studies, we did not observe ERK activation when cultures were infected with ZIKV and glutamate levels were high, although an increase in ERK activation was observed when ifenprodil was added to ZIKV-infected cultures. Therefore, it is possible that GluN2B-containing NMDAR blockade decreased ERK inactivation allowing this kinase to phosphorylate its downstream targets, including CREB. However, we observed activation of CREB in ZIKV-infected cultures, regardless of ifenprodil treatment. This is probably because CREB can be activated by kinases other than ERK. For example, it has been shown that synaptic NMDAR stimulation can lead to activation of the calmodulin-dependent protein kinase IV, which promotes rapid activation of CREB, as opposed to the slower acting and long-lasting effects produced by ERK ([@B76]). Therefore, the results presented here corroborate previous studies and indicate that the increase in glutamate triggered by ZIKV may not necessarily lead to NMDAR-mediated cell death, as long as GluN2B-containing NDMARs are blocked.

Conclusion {#S5}
==========

Zika virus induces neuronal cell death in a non-cell autonomous manner by triggering the release of cytokines, including TNF-α and IL-1β. Increased levels of TNF-α, IL-1β, and glutamate overactivates NMDARs, promoting excitotoxicity and, consequently, neuronal cell death (Figure [7](#F7){ref-type="fig"}). Therefore, these results help to clarify the neurotoxic mechanisms elicited by ZIKV neuronal infection.
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